An electrical field effect occurs when currents associated with an extracellular field cross the cell membrane. If the current is significant the transmembrane potential (*V~m~* = *V*~intracelullar~ − *V*~extracellular~) will differ from the intracellular potential. If the transmembrane potential surpasses threshold it may initiate firing, or at reduced transmembrane polarization influence action potential timing (Radman et al., [@B20]; Anastassiou et al., [@B1]), synaptic efficacy (Bikson et al., [@B3]), or other membrane processes (Faber and Korn, [@B6]; Jefferys, [@B13]; Weiss and Faber, [@B34]).

Field effects are thought to play a role in seizure initiation and propagation (Jefferys, [@B13]; Dudek et al., [@B5]). In the absence of synaptic transmission, non-synaptic mechanisms are sufficient to initiate and propagate seizure like activity in hippocampal slice models (Jefferys and Haas, [@B14]; Taylor and Dudek, [@B26], [@B27]; Jiruska et al., [@B15]). Also, paired extra- and intracellular recordings of spontaneous paroxysmal events in cat neocortex *in vivo*, with synaptic transmission unaffected, have confirmed that fields associated with ictal discharges depolarize the neuronal membrane and can elicit action potentials (Grenier et al., [@B10],[@B11]).

These discharges are thought to be generated by large paroxysmal depolarizing shifts (Goldensohn and Purpura, [@B9]; Grenier et al., [@B10],[@B11]) mediated by glutamatergic synaptic transmission, high-voltage calcium spikes, and a persistent voltage-gated sodium current (Traub et al., [@B29]). The electric field associated with these currents ranges between 3--9 mV/mm (Pockberger et al., [@B19]; Jefferys, [@B13]). Early modeling studies found that the electric fields associated with ictal discharges can synchronize action potentials on a time scale of 1 ms (Traub et al., [@B28]). Moreover, in hippocampal slices neuronal synchrony during ictal discharges is modulated by changes in osmolality that can strengthen or weaken field effects (Bikson et al., [@B2]).

The mechanism by which field effects contribute to neural synchronization has been a subject of intense study. It is estimated that DC uniform fields alter the transmembrane potential in individual neurons at the soma (Radman et al., [@B21]) by 0.18 mV per mV/mm field strength (Deans et al., [@B4]). However, in hippocampal slices bathed in high K+ to elicit epileptiform activity exogenously pulsed uniform fields as small as 295 µV/mm could entrain neuronal firing (Francis et al., [@B7]). An explanation for the sensitivity of spike timing to weak electric fields may be that network interactions amplify small field effects experienced by all neurons across an extended territory (Parra and Bikson, [@B18]; Reato et al., [@B23]; Weiss and Faber, [@B34]) by modifying the spike timing of a significant portion of the population (Radman et al., [@B22]; Anastassiou et al., [@B1]) and increasing the synchrony of chemical synaptic transmission in an auto-regenerative manner. Recordings from cortical neuronal ensembles, *in vitro* (Anastassiou et al., [@B1]), and *in vivo* (Ozen et al., [@B17]) confirm that population level spike coherence to exogenous non-uniform oscillating fields occurs at strengths ranging from 1--4 mV/mm.

If weak electric fields contribute to neuronal synchronization, it would be expected that neuronal synchrony would be observed during the large electric fields generated by ictal discharges in humans. Despite the importance of neural synchrony in seizures, there is a dearth of multi-electrode recordings demonstrating such synchrony over extended cortical territories. Recent recordings of partial seizures from the human cortex with the Utah microelectrode array (House et al., [@B12]) provide indirect evidence both for and against a role for field effects in ictal neural synchronization (Truccolo et al., [@B33]; Schevon et al., [@B25]).

Schevon et al., recorded single unit activity during partial seizures with the microelectrode array implanted within the seizure onset zone. In three patients, each of the electrodes detected synchronous unit activity phase locked to the trough of the ictal discharge. However, in two other patients the microelectrode array recorded heterogeneous unit activity (Schevon et al., [@B25]).

Figure [1A](#F1){ref-type="fig"} demonstrates marked neural synchrony at the temporal scale of \~10 ms during ictal discharges when the microelectrode array was implanted in the ictal core. To calculate the electric field strength generated by these ictal discharges requires multi-contact depth electrode recordings. However, a rough estimate can be made using prior depth electrode recordings of ictal discharges induced by penicillin application in rabbit cortex (Pockberger et al., [@B19]). Based on these recordings, the measured ictal discharge amplitude of 1--2 mV in layer 4/5 corresponds with an electric field with a strength of approximately 2--6 mV/mm. Based on *in vitro* (Anastassiou et al., [@B1]), and *in vivo* (Ozen et al., [@B17]), evidence this field strength is sufficient to induce population level spike field coherence when the alternating field is applied for an extended duration. Thus, the small variability in the timing of action potentials during ictal discharges suggests that neocortical pyramidal neurons may interact directly via electrical interactions.

![**Ictal discharges are associated with neural synchronization in the ictal core but not the penumbra.** **(A)** Broadband recording of ictal discharges from one of the microelectrodes in the array implanted in the ictal core (above). Corresponding raster plot of multi-unit action potentials recorded from all the active electrodes (below) illustrating synchronization at the scale of 10 ms. **(B)** Propagation of an ictal discharge (right) recorded by the multi-electrode array (left). Corresponding multi-unit activity reflects propagation and the lack of synchronization at the scale of 1 ms. **(C)** Broadband recording of ictal discharges from one of the microelectrodes in the array implanted in the penumbra (above). Corresponding raster plot of multi-unit action potentials illustrate heterogeneity and lack of global synchrony.](fnhum-07-00828-g0001){#F1}

Alternatively, neural synchrony during ictal discharges in humans may be solely due to the strong uniform synaptic depolarization and field effects may not play a role. To prove that field effects contribute to neuronal synchronization requires paired intracellular and extracellular recordings from pyramidal neurons during the ictal discharge (Weiss and Faber, [@B34]). However, paired recordings during ictal discharges recorded from cat neocortex *in vivo* did demonstrate considerable ephaptic depolarization (Grenier et al., [@B10],[@B11]).

Thus, neuronal synchrony during ictal discharges may be enhanced in the ictal core by field effect interactions that synergistically pace and entrain the rhythmic paroxysmal depolarizing shifts generated by glutamatergic synaptic transmission (Traub et al., [@B28]; Parra and Bikson, [@B18]). Synchronization at the temporal scale of ∼1 ms does not appear to be achieved over extended territories as ictal discharges propagate across the cortex at speeds of ∼500 mm/s (Trevelyan et al., [@B31]; Schevon et al., [@B24], [@B25]), and action potential firing is affected by the lag times (Figure [1B](#F1){ref-type="fig"}). This does not rule out the possibility of field effects playing a role in synchronization however, since neocortical slow waves which also propagate rapidly across the cortex (Massimini et al., [@B16]), can produce fields that enhance and entrain network activity locally (Fröhlich and McCormick, [@B8]).

Figure [1C](#F1){ref-type="fig"} demonstrates the heterogeneous asynchronous firing during the ictal discharges recorded by the microelectrode array in another patient (Schevon et al., [@B25]). Similar observations of heterogenous asynchronous firing during human seizures have been previously reported (Truccolo et al., [@B33]). The microelectrode array was implanted in the ictal penumbra in this case. It is apparent that the ictal discharges are smaller amplitude than that recorded from the ictal core in Figure [1A](#F1){ref-type="fig"} and produce an estimated electric field across the cortical layers of approximately 1--2.1 mV/mm (Pockberger et al., [@B19]). This field strength should be sufficient to influence spike timing (Francis et al., [@B7]; Radman et al., [@B20]; Anastassiou et al., [@B1]; Weiss and Faber, [@B34]), but not necessarily result in strong population level spike field coherence (Ozen et al., [@B17]; Anastassiou et al., [@B1]).

Besides a weaker endogenous field, another potential explanation for the heterogeneous, asynchronous firing, in the face of the observed ictal discharges in Figure [1C](#F1){ref-type="fig"}, is that the neurons in the penumbra have a membrane potential farther from threshold than in the ictal core. Calcium imaging and patch clamp recording from cortical slices bathed in zero magnesium suggest that in the penumbra territory a combination of rhythmic inhibitory post-synaptic potentials (IPSPs) and excitatory post-synaptic potentials (EPSPs) contribute to the ictal discharges (Trevelyan et al., [@B32]; Trevelyan, [@B30]; Schevon et al., [@B25]). Assuming that this is the case in the human ictal penumbra (Figure [1C](#F1){ref-type="fig"}) the synergistic influence of field effects on neuronal synchronization may be negated. Additional experimental and modeling studies are required to support this hypothesis.

The recordings from the ictal core demonstrate profound neuronal synchrony during ictal discharges. While, paired intra- and extracellular recordings are required to confirm that field effects help to generate this synchronization, the electrical field strength is likely sufficient (Ozen et al., [@B17]; Anastassiou et al., [@B1]). In contrast, the recordings from the ictal penumbra highlight how endogenous or exogenous field effects may be affected by synaptic inhibition.
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